We tested the in vitro susceptibility of Candida albicans to three defensins from human neutrophilic granulocytes (HNP-1, 2, and 3), a homologous defensin from rabbit leukocytes (NP-1), and four unrelated cationic peptides. Although the primary amino acid sequences of HNP-1, 2, and 3 are identical except for a single amino-terminal amino acid alteration, HNP-1 and HNP-2 killed C. albicans but HNP-3 did not. C. albicans blastoconidia were protected from HNP-I when incubations were performed in the absence of oxygen or in the presence of inhibitors that blocked both of its mitochondrial respiratory pathways. Neither anaerobiosis nor mitochondrial inhibitors substantially protected C. albicans exposed to NP-1, poly-L-arginine, poly-L-lysine, or mellitin. Human neutrophilic granulocyte defensin-mediated candidacidal activity was inhibited by both Mg2+ and Can, and was unaffected by Fe2". In contrast, Fe2" inhibited the candidacidal activity of NP-i and all of the model cationic peptides, whereas Mg2+ inhibited none of them. These data demonstrate that susceptibility of C. albicans to human defensins depends both on the ionic environment and on the metabolic state of the target cell. The latter finding suggests that leukocyte-mediated microbicidal mechanisms may manifest oxygen dependence for reasons unrelated to the production of reactive oxygen intermediates by the leukocyte.
Introduction
Defensins are small (mol wt 3,500-4,000), variably cationic, cystine-rich antimicrobial peptides that are major constituents of PMN azurophil granules. They are active in vitro against gram-positive and gram-negative bacteria, certain fungi, and enveloped viruses (1) (2) (3) (4) (5) (6) (7) . By virtue of their net positive charges at physiological pH, defensins may be' considered to be "cationic peptides."
Although the primary structures of the human defensins are established (1) , their antimicrobial mechanisms are not known. To delineate the antifungal properties of human defensins, we tested human PMN defensins against blastoconidia of C. albicans. Certain metabolic inhibitors and divalent cat-ions showed dissimilar effects on the candidacidal activities of the most potent human (HNP-1) and rabbit (NP-1) defensins (5, 6) . By comparing both ofthese defensins to selected natural or synthetic "model" cationic peptides, we identified several properties that appear unique to the human PMN defensins.
This article describes our observations.
Methods
Proteins and peptides. Normal human neutrophilic granulocytes were obtained by leukopheresis and their defensins were purified as previously described (3) . NP-I was purified from rabbit peritoneal granulocytes (5) . Salmon sperm protamine (free base), mellitin, poly-L-lysine hydrobromide (average mol wt 17,000) and poly-L-arginine hydrochloride (average mol wt 40,000) were obtained from Sigma Chemical Co., St. Louis, MO and used without further purification. Certain properties of these proteins and peptides are summarized in Table I .
Candidacidal testing. Susceptibility of C. albicans strain 820 to defensins and other cationic peptides was tested as previously described (6) . In brief, 106 CFU/ml of washed C. albicans blastoconidia from an 18-h broth culture were incubated at 370C for up to,4 h with specified concentrations ofthe peptides in 10 mM Na phosphate buffer (pH 7. (38) , and protamine (39) .
the kinetics of the candidacidal activity induced by exposing organisms to 50 ,g/ml of each ofthe three human defensins in nutrient-free, dilute phosphate buffer. Note that HNP-1 was more effective than HNP-2, and also that HNP-3 exerted almost no candidacidal activity. Because virtually all of the candidacidal effects ofthe human defensins had occurred after 2 h of incubation, this time period was most often selected for subsequent studies. Fig. 2 demonstrates that NP-1, the most potent candidacidal defensin of rabbit granulocytes and alveolar macrophages (5, 6) , was 10-20 times more active than HNP-l against C. albicans on a concentration basis. The minimal defensin concentrations required for candidacidal activity under these conditions were -1 tg/ml for NP-I and 10 gg/ml for HNP-1.
Exposure of the organisms to defensin concentrations above threshhold levels resulted in a mean decrease in loglo CFU/ml that was roughly proportional to the loglo of the defensin concentration.
Inhibition of mitochondrial metabolism. C. albicans blastoconidia prepared for our experiments were metabolically active, as evidenced by their substantial rate of oxygen consumption, even in the absence of exogenous nutrients. We confirmed published reports that C. albicans has a branched respiratory chain (8, 9) that includes an alternative, cryptic limb, which although insensitive to cyanide and antimycin A, is potently inhibited by salicylhydroxamic acid (SHAM)' or high (e.g., 5 mM) concentrations of azide (9) . Consequently, sequential or concomitant addition of 3 mM SHAM and 1 X 10-6 M antimycin A completely blocked C. albicans respiration and addition of 5 mM azide caused substantial respiratory inhibition that was rendered complete by subsequent addition of antimycin A. In contrast, the transient block in 02 consumption caused by cyanide was followed by the resumption of respiration via the alternative pathway. Several of these features are illustrated in Fig. 3 .
Effects ofmitochondrial inhibitors and anerobic conditions on HNP-J. Fig. 4 demonstrates the effects of sodium chloride, sodium cyanide, and sodium azide on the ability of HNP-1 to kill C. albicans. Although sodium cyanide was no more inhibitory than an equivalent concentration of sodium chloride, 5 1 . Abbreviations used in this paper: CCCP, carbonyl cyanide m-chlorophenylhydrazone; SHAM, salicyl hydroxamic acid. INCUBATION TIME (h) Figure 1 . Activity of purified human defensins against C. albicans. Blastoconidia were incubated with 50 Mg/ml of HNP-l (A), HNP-2 (n), or HNP-3 (.) for 4 h at 37°C in 10 mM sodium phosphate buffer, pH 7.4. Aliquots were removed at intervals, serially diluted and plated on Sabouraud's-2% dextrose agar. Defensin-free control (o).
mM sodium azide completely protected the target cells from HNP-1. Because 5 mM azide inhibits both the classical and alternative pathways of mitochondrial respiration, whereas cyanide blocks only the classical pathway, we decided to test the possibility that the selective inhibitory effect of azide implied a role for mitochondrial metabolism in sensitizing C. albicans to human defensins. Like cyanide, antimycin A blocks only the conventional mitochondrial pathway. By combining it with SHAM, which blocks only the alternative one, it is possible to completely inhibit oxygen consumption by C. albicans (Fig. 3) . Although antimycin A alone provided little protection to C. albicans exposed to HNP-l and SHAM was only moderately protective, the combination of antimycin A and SHAM provided substantial protection (Fig. 5) .
Additional confirmation of the importance of mitochondrial respiration in sensitizing C. albicans to HNP-l was provided by experiments with proton ionophores. Addition of 50 MM carbonyl cyanide m-chlorophenylhydrazone (CCCP), a classical uncoupler of mitochondrial respiration, afforded virtually complete protection to C. albicans that had been exposed to 50 ug/ml of HNP-1 for 2 h (Fig. 6b ). Another such mitochondrial inhibitor, 2,4-dinitrophenol, also completely protected the C. albicans, although 100-fold higher concentrations (5 mM) were required to obtain complete protection. None of the mitochondrial inhibitors, when tested at the aforementioned concentrations, impaired viability of control candida cells (data not shown). Given these indications that endogenous mitochondrial respiration sensitized C. albicans to HNP-1, it was not surprising to observe that anaerobic conditions virtually abolished the candidacidal activity of HNP-l (Fig. 7) . At the left arrows, C. albicans was added to achieve a final concentration of 5 X 106/ml. At the middle arrows, either 3 mM SHAM or 5 mM NaN3 was added. At the right arrows, both chambers received 1 X 10-6 M antimycin A (antiA).
Comparative effects of inhibitors on HNP-J and NP-i.
Having demonstrated that susceptibility of C. albicans to HNP-l is modified by the metabolic status ofthe target cell, we wondered ifthis would also be true for the more cationic rabbit macrophage and granulocyte defensin, NP-1. To compensate for the greater molar potency of NP-I against C. albicans, we used equipotent rather than equimolar concentrations ofNP-I and HNP-l in these studies. We found that azide, antimycin A + SHAM, or CCCP had little inhibitory effect on susceptibility of C. albicans to NP-1, and that anerobic conditions provided only modest protection (Fig. 8) .
Other cationic peptides. In addition to testing HNP-l and NP-1, we examined the effects of metabolic inhibitors on the candidacidal activities of mellitin, protamine, poly-L-lysine and poly-L-arginine. The potencies of these four polycations against C. albicans under our test conditions were intermediate between those of NP-1 and HNP-1 (data not shown). Once threshhold concentrations were exceeded, subsequent logl0 reduction in CFU/ml was roughly linear functions of log10 peptide concentration. We selected concentrations that were approximately equipotent in candidacidal activity to 50 jsg/ml HNP-1.
The results of these experiments more closely resembled our findings with NP-1 than HNP-1 (Table II) . With but a single exception, protamine, the candidacidal activity of the four "model" cationic peptides was not significantly inhibited by CCCP, sodium azide, antimycin A + SHAM, or anaerobiosis.
Effects ofdivalent cations. We previously reported that the candidacidal activity of NP-1, the most potent rabbit PMN defensin, was substantially inhibited by Ca2' but not by Mg2+ (6) . In contrast, both cations inhibited the candidacidal activity of HNP-1, although Ca2+ was somewhat more effective in this regard (Fig. 9) . As little as 0.25 mM Ca2+ afforded virtually complete protection to C. albicans exposed to 50 jig/ml of HNP-1 for 2 h (data not shown). Not only did Ca2' prevent candidacidal activity mediated by HNP-I when present at the incubation's outset, its addition to an ongoing reaction terminated the otherwise progressive loss of Candida viability (Fig. 10) .
Because Fe2' has been reported to inhibit the ability of partially purified rabbit granulocyte cationic peptides to kill staphylococci (10), we examined the effects of this cation on candidacidal activity. Although 50 AM Fe2+ inhibited the candidacidal activity of NP-1 (Table III) candidacidal activity by NP-1 and each of the four model proteins (Table III) .
Discussion PMN possess two principal means of killing microorganisms. One of these, often referred to as "oxygen-dependent," depends on production of reactive oxygen derivatives, including 02, H202, hydroxyl radical, hypochlorous acid, and reactive chloramines (11, 12 (26, 27) . The present studies suggest that the human neutrophil's defensins, HNP-l and HNP-2, may be another. The recent observation that neutrophils from patients with Chediak-Higashi syndrome and "specific granule deficiency" lack cathepsin G and defensins, respectively, may facilitate an assessment of the specific antimicrobial roles of these granule components (28) .
There may be functional consequences of our observation that HNP-l's ability to kill C. albicans was impaired by relatively low concentrations of divalent cations. We recently reported that -40% of C. albicans ingested by human PMN are located in phagocytic vacuoles that are imperfectly sequestered from the extracellular milieu and that such blastoconidia were killed much less effectively than those sequestered within fully sealed phagolysosomes (29) . Since unsealed vacuoles are in communication with a high Ca2+/Mg2' space (extracellular fluid), these divalent cations may protect C. albicans within unsealed vacuoles from defensin-mediated candidacidal activity. Although the concentration of Ca2+ in the phagolysosomes of human and murine macrophages was recently reported (30) to be quite low (< 100 uM), neither the Ca2+ nor the Mg2e concentration of sealed neutrophil phagolysosomes has yet been measured.
A striking finding of the present study was that active mitochondrial metabolism by the target cell was necessary to sensitize C. albicans blastoconidia to the lethal effects of HNP-1. In contrast, we found no such requirement for several other cationic peptides, including the rabbit defensin NP-1, mellitin, polylysine, and polyarginine. Modulation of cationic protein-mediated candidacidal activity by target cell metabolism was observed by Olson et al. (20) who exposed C. albicans cells to several positively charged proteins, including protamine, lysozyme, and cytochrome c. Under their test conditions, several inhibitors of mitochondrial metabolism (azide, salicylanilide, 2,4-dinitrophenol) partially protected the target cells from the lethal effects of the proteins and respiration-impaired mutant strains showed less susceptibility than their wild-type progenitors. Although our experimental conditions were quite different from those employed by Olson et al., we also found that mitochondrial metabolism sensitizes C. albicans to the cytotoxic effects of protamine. It has also been reported thatlysozyme can kill C. albicans in hypotonic solutions that contain small amounts of glucose (31) or other nu- Table III. trients (32) , perhaps indicating a requirement for active target-cell metabolism under these conditions as well.
We cannot yet explain why active mitochondrial metabolism by the target cell is prerequisite for HNP-mediated candidacidal activity. It may be that energy-dependent uptake of HNP-l by the target cells is required to allow the defensin-mediated candidacidal event(s) to occur. C. albicans can transport di-and tri-peptides via one or more energy-dependent oligopeptide permeases (33) and another yeast, S. cerevisiae, assimilates tetra and pentapeptides via similar systems (34) . Activity ofthe C. albicans oligopeptide permease is completely inhibited by CCCP and aside (34) , both of which also inhibit HNP-mediated candidacidal activity. However, HNP-1 contains 30 amino acid residues and the ability of oligopeptide permeases to transport such large peptides is unknown.
Inability of oligopeptide permeases to transport defensins need not preclude defensin entry into yeast cells. DEFENSIN CONCENTRATION (Pg/ml) Figure 9 . Effects of calcium and magnesium ions. C. albicans was incubated for 2 h at 370C in 10 mM sodium phosphate buffer that contained 0.5-5 jig/ml of NP-I (unshaded area) or 5-100 jg/ml of HNP-1 (shaded area). The assays were conducted in unsupplemented buffer (a) or buffer that contained 0.5 mM Ca2" (a) or 0.5 mM Mg2+ (A).
ionic proteins even larger than defensins (e.g., ribonuclease and cytochrome c) have been shown to penetrate C. utifis and S. cerevisiae yeast cells (21) (22) (23) . Seminalplasmin (mol wt 6,385) can enter C. albicans (35) as well as S. cerevisiae. Entry of such large peptides into yeast cells may appear inconsistent with the conclusion, gained from studies of yeast cell wall porosity to polyethylene glycols of graded sizes (36, 37) , that molecules whose Einstein-Stokes hydrodynamic radius corresponds to a mol wt > 620 are not freely penetrable.
However, the polyethylene glycol method neither excludes the presence ofa subset of larger pores (28) nor predicts the behavior of charged molecules, such as defensins.
We suspect that the inability of HNP-3 to kill C. albicans and the requirement for active mitochondrial metabolism on the part of the target cell to sensitize it to HNP-1 or 2 may be integrally related. The presence of a negatively-charged aspartic acid residue in HNP-3 (37) alters the amino-terminus and renders the peptide less cationic (net charge = +2) than its congeners, HNP-l or -2 (net charge = +3). We speculate that defensin-mediated candidacidal activity may depend on interactions between the positively charged defensin molecules and the yeast cell's plasma membrane that are influenced by the The incubation conditions and calculations used to derive an "index of inhibition" are as described in the legend to Table II 
